O bservational studies in humans have provided intriguing hints that relate infection or acute systemic inflammation to a temporarily increased risk for acute cardiovascular events. 1 The transition from stable to unstable angina has been shown to be associated with increased plasma levels of C-reactive protein (CRP), serum amyloid A protein, or interleukin-6 indicative of a systemic inflammatory response. [2] [3] [4] Importantly, not only is the presence of systemic markers of inflammation associated with an unfavorable short-term prognosis in patients with acute coronary syndromes, 3, 4 but also elevated CRP levels are related to longterm prognosis in patients with documented coronary artery disease 5 and in apparently healthy men. 6 The mechanisms that relate the level of acute-phase proteins to short-and long-term prognosis in coronary artery disease are unclear.
The endothelium exerts potent antithrombotic and vasodilator effects on the vascular wall. 7, 8 The exposure of endothelial cells to proinflammatory cytokines induces procoagulant activity, 7 leads to the expression of cell surface adhesion molecules, 9 and impairs endothelium-dependent vascular relaxation. 10 All of these alterations in endothelial cell function, collectively termed "endothelial activation," have been implicated to promote acute events in atherosclerotic vascular disease. These experimental data suggested that the impairment of normal endothelial function by inflammatory responses may provide a link between systemic inflammation and ischemic coronary syndromes. 11 Therefore, we tested the hypothesis that elevated CRP levels, an exquisitely sensitive objective marker of inflammation, are associated with an abnormal systemic endothelial vascular reactivity in patients with coronary artery disease.
Methods

Patients
A total of 60 male patients were studied. Twenty-six patients had stable angina, defined as angiographically documented coronary artery disease and stable effort angina for Ն3 months before forearm blood flow (FBF) measurements. Thirty-four patients were studied within 5 days of an acute coronary syndrome defined as angina at rest with ST-segment alterations (Braunwald class IIIB).
Because myocardial necrosis may induce an increase in CRP serum levels, patients with troponin T levels of Ͼ0.2 ng/mL were excluded. Additional exclusion criteria were inflammatory disease or malignancy, ejection fraction of Ͻ0.45, clinical evidence of heart failure, and Q-wave myocardial infarction within 3 months before the study.
All patients had documented coronary artery disease with identification of the culprit lesion on coronary angiography. The clinical characteristics of these patients are summarized in Table 1 . Vasoactive medications, including calcium channel blockers, ACE inhibitors, and long-acting nitrates, were withheld for Ն24 hours before the study. All patients were taking aspirin (100 mg/d) and ␤-blocker therapy (metoprolol in most cases) on a long-term basis. All patients gave written informed consent. The study protocol was approved by the Ethical Committee of the Johann Wolfgang Goethe University of Frankfurt/Main.
Study Protocol
FBF measurements were performed in the morning in a quiet, temperature-controlled room at Ϸ22°C (72°F). Patients were asked to refrain from drinking alcohol or caffeine and from smoking for Ն12 hours before the examination. With the patient under local anesthesia (Ͻ1.5 mL of 2% mepivacaine; Astra Pharmaceuticals) and with sterile conditions, a 22-gauge catheter (Braun-Melsungen) was inserted into the brachial artery of the nondominant arm (left in most cases) for the infusion of drugs or saline. This arm was elevated above the level of the right atrium. All patients were allowed to rest for Ն20 minutes after catheter placement to achieve stable baseline measurements before data collection. FBF (mL ⅐ min Ϫ1 ⅐ 100 mL forearm volume
Ϫ1
) was measured with venous occlusion plethysmography (model EC-4; D.E. Hokanson), with calibrated mercuryin-Silastic strain gauges applied to the widest part of the forearm. 12, 13 Upper arm cuffs were intermittently inflated to 40 mm Hg for 10 seconds every 15 seconds to temporarily prevent venous outflow (Rapid cuff inflator E-10; D.E. Hokanson). 14 To exclude hand circulation from the blood flow, a wrist cuff was inflated to suprasystolic pressure. 15 Flow measurements were recorded, and 6 readings were obtained for each measurement. Drug infusions were administered with a constant-rate infusion pump (BraunMelsungen). Basal measurements were obtained after intra-arterial sodium chloride (0.9%) infusion (rate 1 mL/min). For the assessment of endothelium-dependent vasodilation, acetylcholine (Ciba Vision GmbH) was infused intra-arterially in increasing dosages of 10, 20, 30, 40, and 50 g/min with infusion rates of 0.8 to 1.2 mL/min. Sodium nitroprusside (Schwarz Pharma) was infused for assessment of endothelium-independent vasodilation in increasing dosages of 2, 4, 6, and 8 g/min with infusion rates of 0.8 to 1.2 mL/min. Each dose was infused for 5 minutes, and FBF was measured during the last 2 minutes of the infusion. Each FBF determination consisted of at least 3 separate measurements at 15-second intervals. Analysis of the plethysmographic recordings was performed by a technician (M.M.-A.) who was unaware of the patient's CRP level. Blood pressure was measured via the arterial cannula, and forearm vascular resistance was calculated as the ratio of mean blood pressure to FBF and expressed as units of millimeters of mercury per milliliter per minute per 100 mL of forearm tissue.
In 15 patients, FBF measurements were simultaneously performed on both arms to exclude potential systemic effects of the infused substances. 15 
Follow-Up Studies
To investigate the natural course of systemic vascular reactivity, 29 patients underwent repeated FBF measurements under identical conditions after 4 weeks and after 3 months. Lipid-lowering or ACE inhibitor therapy or other vasoactive substances were not initiated in any of these patients during this 3-month period to avoid any potentially confounding effects of concomitant therapy, but all patients were continually treated with aspirin (100 mg/d) and ␤-blockers.
Laboratory Analysis
In all patients, serum was collected at the time of the FBF study for the measurement of plasma CRP levels (turbidimetric test; Boehringer Mannheim), troponin T levels (ELISA; Boehringer Mannheim), and serum lipid levels (Boehringer Mannheim). CRP levels were measured with a commercially available kit; the measurement range is 0.3 to 24 mg/dL, with coefficients of variation within assays ranging from 0.6% to 1.3% and between-assay coefficients ranging from 1.3% to 6.0% at different levels of CRP.
In 37 of the 60 patients, CRP levels were also determined with an ultrasensitive CRP test (N Latex CRP mono; Behring). The measurement range is 0.02 to 1.1 mg/dL (for 1:20 dilution; higher Values are meanϮSD or n (%).
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concentrations were determined after appropriate dilution) with intra-assay coefficients of variation of 1.7% to 2.5% and interassay coefficients of variation of 1.7% to 3.6%) to ensure that the impossibility of detecting very low levels with the turbidimetric test did not affect the results. In addition, tumor necrosis factor-␣ (TNF-␣) and soluble intercellular adhesion molecule-1 (sICAM-1) serum levels were determined in these 37 patients, for whom frozen plasma samples were available. TNF-␣ and s-ICAM serum levels were measured with ELISA with commercially available kits (range 0.5 to 32 pg/mL for TNF-␣ and 2 to 46 ng/mL for sICAM; R and D Systems Europe;).
Statistical Analysis
Data are expressed as meanϮSD value. Continuous variables were tested for normal distribution with the Kolmogorov-Smirnov test and compared by 1-way ANOVA. Categorical variables were compared by the 2 test and the Fisher exact test. In the case of non-normal distribution, nonparametric tests were used (Mann-Whitney U test or Kruskal-Wallis ANOVA on ranks). Differences between the group FBF and vascular resistance measurements are presented as meanϮSEM. Differences in forearm vascular reactivity were examined by repeated-measures ANOVA followed by post hoc 1-tailed t tests adjusted with a Bonferroni correction for multiple comparisons. FBF responses to acetylcholine and sodium nitroprusside were calculated as area under the curve and expressed in arbitrary units. 16 
Results
All patients were taking ␤-blockers to exclude the potential effects of ␤-adrenergic receptor stimulation, which has been shown to elicit endothelium-dependent, nitric oxide-mediated vasodilation in the human forearm. 17 Blood flow in the noninfused control arm (measured in 15 patients) did not change significantly in response to drug infusions in the contralateral arm, confirming the results of a number of previous studies that, at the doses used, the drugs did not cause systemic effects when infused into the brachial artery. 15, 17 CRP levels ranged from 0.0 to 4.5 mg/dL (meanϮSD 1.2Ϯ1.2 mg/dL). Figure 1 illustrates that FBF responses to acetylcholine, expressed as area under the curve, were inversely correlated with CRP serum levels. Logtransformation of CRP values to account for the skewed distribution gave almost identical results (rϭϪ0.39, Pϭ0.006). In addition, an identical inverse correlation was observed between CRP serum levels and acetylcholineinduced FBF response (rϭϪ0.43, PϽ0.01), when only those 37 patients were analyzed, in whom CRP levels were determined with the ultrasensitive measurement method. In contrast, neither TNF-␣ (Pϭ0.29) nor sICAM-1 (Pϭ0.96) serum levels were significantly associated with acetylcholineinduced FBF responses.
Subsequently, patients were stratified into 3 groups according to tertiles of CRP serum levels. Table 1 illustrates that the 3 groups of patients did not differ with respect to age, extent of coronary artery disease, serum cholesterol levels, mean arterial blood pressure, or the presence of classic risk factors for coronary artery disease. As expected, however, the patients in the lowest tertile of CRP serum levels significantly less frequently presented with an acute coronary syndrome compared with the patients in the upper 2 tertiles. levels of Ͻ0.5 mg/dL (lowest tertile) demonstrated a significantly increased acetylcholine-induced FBF response compared with patients in the upper 2 tertiles. Importantly, not only were acetylcholine-induced FBF responses dosedependently attenuated but also baseline FBF (1.6Ϯ0.5 versus 1.9Ϯ0.9 mL ⅐ min Ϫ1 ⅐ 100 mL of forearm tissue Ϫ1 , PϽ0.05) was significantly reduced and baseline vascular resistance (51.2Ϯ2.8 versus 62.5Ϯ4.7 mm Hg ⅐ mL Ϫ1 ⅐ min Ϫ1 ⅐ 100 mL of forearm tissue
Ϫ1
, PϽ0.05) was significantly elevated in patients in the upper tertile compared with those in the lowest tertile.
FBF increases in response to sodium nitroprusside were also slightly, but significantly, reduced in patients with elevated CRP levels of Ն0.5 mg/dL (upper 2 tertiles) ( Figure  2, bottom) . However, when FBF responses are expressed as percent change in forearm vascular resistance to account for the significantly increased basal tone in patients with elevated CRP levels, only the vasodilator response to acetylcholine (Figure 3, top) , not the response to sodium nitroprusside (Figure 3, bottom) , was significantly blunted. Thus, elevated plasma CRP levels are associated with a significantly reduced forearm vasodilator response, which is in large part due to a blunted endothelium-dependent component.
To investigate whether CRP serum level is an independent predictor of acetylcholine-induced FBF responses, a multivariate analysis was performed in which LDL-cholesterol serum levels, CRP levels, extent of coronary artery disease, the presence of unstable angina, smoking, diabetes, and hypertension were entered as independent variables. Table 2 illustrates that CRP serum level remained a statistically significant independent predictor of acetylcholine-induced FBF responses in addition to LDL serum levels. In contrast, the presence of unstable angina was not an independent predictor of a blunted FBF response. Indeed, even in the group of patients with stable angina, CRP levels were significantly inversely correlated with acetylcholine-induced FBF responses (PϽ0.03). Thus, independent of classic risk factors for coronary artery disease, elevated CRP serum levels are associated with a blunted endothelium-mediated systemic vasodilator capacity in patients with coronary artery disease regardless of the presence or absence of an episode of unstable angina.
To investigate whether the normalization of elevated CRP levels over time is associated with improved FBF responses, 29 patients were reexamined with the identical FBF study protocol 4 weeks and 3 months after the initial study. Thirteen of these patients had CRP levels within the lowest tertile (Ͻ0.5 mg/dL) throughout the 3 months. In 7 patients, CRP levels were initially in the upper 2 tertiles (meanϮSD 1. 44Ϯ0.9 mg/dL) but returned to the lowest tertile (Ͻ0.5 mg/dL) after 4 weeks (0.31Ϯ0.24) and remained Ͻ0.5 mg/dL (0.28Ϯ0.26) until the 3-month follow-up study. Nine patients had CRP levels of Ն0.5 mg/dL (upper 2 tertiles) continuously during the follow-up period (1.78Ϯ0.98 at the initial study, 0.78Ϯ0.62 after 4 weeks, and 0.91Ϯ0.45 after 3 months). Serum cholesterol levels were essentially identical at the initial study (192.8Ϯ38.5 mg/dL), after 4 weeks (187.9Ϯ40.5 mg/dL), and at the 3-month follow-up (193.4Ϯ39.7 mg/dL). Figure 4 illustrates that in patients with CRP levels in the lowest tertile, FBF responses to acetylcholine as well as to sodium nitroprusside were virtually identical after 4 weeks and after 3 months (Figure 4, top) . In the 9 patients with continually elevated CRP levels, the initially blunted FBF responses remained depressed throughout the study period (Figure 4, middle) . In contrast, however, in the 7 patients with 
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initially elevated CRP levels, the blunted FBF response to acetylcholine was slightly increased after 4 weeks and significantly (PϽ0.03) improved after 3 months (Figure 4 , bottom). Indeed, FBF responses to acetylcholine did not significantly differ anymore after 3 months between patients with initially elevated CRP levels, which returned to levels in the lowest tertile, compared with the patients with CRP levels in the lowest tertile throughout the study period. FBF responses to SNP also slightly increased over time in patients with initially elevated CRP levels, but this improvement did not achieve statistical significance (Figure 4, bottom) . Multivariate analysis revealed that the recurrence of CRP levels to Ͻ0.5 mg/dL (lowest tertile) was an independent predictor of improved endothelial vasoreactivity over time, whereas the Temporal course of FBF responses to acetylcholine and sodium nitroprusside in 13 patients with CRP levels in the lowest tertiles at baseline, after 4 weeks, and after 3 months (top); in 9 patients with CRP levels in the upper 2 tertiles throughout the 3-month period (middle); and in 7 patients with elevated CRP levels (Ն0.5 mg/dL) at baseline but CRP levels in the lowest tertiles at 4 weeks and 3 months (bottom). Values represent meanϮSEM (PϽ0.03 for baseline vs 3 months).
presence of unstable angina before the initial study did not independently predict an improvement in FBF responses to acetylcholine over time. Thus, the impairment in systemic endothelial vascular reactivity appears to be a transient phenomenon associated with increased plasma CRP levels.
Discussion
The results of the present study demonstrate for the first time that elevated CRP levels are associated with a profound impairment in systemic endothelial vascular reactivity in patients with coronary artery disease. The blunted systemic endothelial vasodilator function related to elevated plasma CRP levels is independent of classic risk factors for coronary artery disease. Most importantly, normalization of CRP levels over time is associated with a significant improvement in endothelium-dependent FBF responses. These findings support the concept that alterations in endothelial cell function may provide a link between systemic inflammation and ischemic coronary events. It is well established that atherosclerosis impairs endothelial vasodilator function in both the coronary 18 and the forearm circulation. Moreover, chronic risk factors for coronary artery disease have been shown to adversely affect endothelium-dependent blood flow responses in the human forearm circulation. 19, 20 However, the present study demonstrates that the impairment in systemic endothelial vasodilator function associated with elevated CRP levels is superimposed on the effects of atherosclerosis itself and its risk factors.
Numerous studies have confirmed the independent prognostic relevance of CRP for the risk of coronary artery disease not only in patients with stable or unstable coronary artery disease but also in apparently healthy men. 1, 5, 6, 21 Likewise, endothelial dysfunction is believed to importantly contribute to coronary artery disease progression and cardiovascular event rates. 8, 22 Thus, the identification of elevated CRP levels as an independent predictor of endothelial dysfunction might provide an important clue to link a systemic marker of inflammation to atherosclerotic disease progression.
Importantly, the present study also demonstrates that the normalization of CRP levels over time is associated with a significant improvement in endothelium-mediated FBF responses. Thus, the impairment in systemic endothelial vascular reactivity appears to be a transient phenomenon associated with an enhanced systemic inflammatory response. Indeed, experimental studies have shown that bacterial endotoxin and certain proinflammatory cytokines can inhibit agonist-stimulated release of nitric oxide and vasodilator prostanoids. 23 Moreover, recent studies in healthy volunteers have documented that even a very brief exposure to endotoxin or certain cytokines impairs endothelium-dependent relaxation for many days, a phenomenon termed "endothelial stunning." 10 Surprisingly, however, TNF-␣, which stimulates the expression of interleukin-6, which in turn may provoke the augmented expression of CRP in the liver, did not show any relation with forearm vascular reactivity in the present study. Likewise, serum levels of another distal indicator of inflammation, sICAM-1, were unrelated to acetylcholine-induced FBF responses. Although it is beyond the scope of the present study, it can be speculated that the exquisitely sensitive, but nonspecific, marker of low-grade systemic inflammation, CRP, is more informative than are serum levels of cytokines such as TNF-␣ or soluble forms of leukocyte adhesion molecules like sICAM-1 to disclose a systemic impairment in vascular reactivity. Indeed, although prospective data are very limited for sICAM or even absent for TNF-␣, the clinical use of CRP serum levels is well established and remarkably consistent with respect to prediction of the risk of future cardiovascular events. 24 In line with numerous previous studies, patients with unstable angina exhibited significantly elevated CRP serum levels. 3, 4, 25 However, by multivariate analysis, it was the elevated CRP level that independently predicted a blunted endothelial vasodilator capacity, not the presence of unstable angina. Moreover, improvement of endothelium-mediated blood flow responses over time was related to normalization of initially elevated CRP levels, whereas the presence of unstable angina did not independently predict subsequent improvement of endothelial vasodilator function. Thus, endothelial vasodilator dysfunction clearly appears to be associated with a marker of systemic inflammation and not secondary to the presence of unstable angina. Taken together, the data of the present study strongly support the hypothesis that the temporary endothelial activation with ensuing vasodilator dysfunction in response to systemic inflammatory stimuli might play a role as a transient risk factor for acute ischemic events in patients with coronary artery disease.
Thus, the combination of the present observations with experimental and epidemiological data suggests that the altered vasoreactivity associated with systemic inflammation might represent a transient risk factor for coronary events in patients with coronary artery disease. However, further studies are required to explore the mechanisms that underlie endothelial vascular dysfunction associated with systemic inflammation and, more importantly, to establish blunted systemic endothelial vasoreactivity as an independent risk factor for coronary events rather than a phenomenon of no pathological importance.
